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ABSTRACT 

Observations from the Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics 
Observatory (SDO) reveal ubiquitous episodic outflows (jets) with an average speed around 120 
km s _1 at temperatures often exceeding a million degree in plume-like structures, rooted in mag- 
netized regions of the quiet solar atmosphere. These outflows are not restricted to the well-known 
plumes visible in polar coronal holes, but are also present in plume-like structures originating 
from equatorial coronal holes and quiet- Sun regions. Outflows are also visible in the "inter- 
plume" regions throughout the atmosphere. Furthermore, the structures traced out by these 
flows in both plume and inter-plume regions continually exhibit transverse (Alfvenic) motion. 
Our finding suggests that high-speed outflows originate mainly from the magnetic network of the 
quiet Sun and coronal holes, and that the plume flows observed are highlighted by the denser 
plasma contained therein. These outflows might be an efficient means to provide heated mass 
into the corona and serve as an important source of mass supply to the solar wind. We demon- 
strate that the quiet-Sun plume flows can sometimes significantly contaminate the spectroscopic 
observations of the adjacent coronal holes - greatly affecting the Doppler shifts observed, thus 
potentially impacting significant investigations of such regions. 

Subject headings: Sun: corona — Sun: UV radiation — line: profiles — solar wind 



1. Introduction 

The ultraviolet emission formed in the po- 
lar region of the solar atmosphere is dominated 
by bright plume - like structures (see a review by 



iGupta et al.l 120101 ; iKrishna Prasad et al 



2011ft . 

Quasi-periodic intensity variations were also de- 
tected in inter-plume regions above the limb and 
again were interpreted as compressional waves 



Kohl et al. 2006). Propagating intensity pertur- 



bations with a period of five to thirty minutes 
have been frequent l y iden ti fied in polar plumes 



2001ft . Re- 



Ofman et al. 11997k DeForest & Gurman 



1998ft . These outward propagating features have 



been widely interpreted as slow magneto-acoustic 
waves, since the speed is close the c oronal sound 
speed of around 15 km s" 1 
1999; lO'Shea et all 12007 : 



Of m an et al. 
Banerjee et al.l 2009; 
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(lOfman et al.l 120 00; Ban erjee et al.l ^ _ _ 7 
cently iMdntosh et all (|2010ft ~ noted that these 
propagating features are similar in intensity en- 
hancement, periodicity and velocity to the ubiq- 
uitous high-speed upflows inferred from spec- 
troscopic observations in other magnetic regions 
of the solar atmosphere ( De Pontieu et ah! 20091: 



Mcintosh fc De Pontieul l2009allbl: IMdntosh et ap 
201lUDe Pontieu fc Mcintosh 2010 ; be Pontieu et al.l 
20 111 



iTian et al.l 12011 al ibi: iMartmez-Svkora et al.l 
201 lh . They interpreted them as quasi-periodically 
driven high-speed outflows and suggested that 
they are a source of heated mass to the corona and 
fast solar wind, rooted in the lower atmosphere. 
There is also a suggestion that they are warps in 



two-dimensional sheet-like structures (jJudge et al 
201ll ). 
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For a long time it was believed that plumes are 
pol ar features. However, IWang fc Sheelevl ()1995l ) 
and IWool (|l996l ) identified plumes in low-latitude 
coronal holes by using Skylab EUV observations 
and Ulysses radio ranging measurements, respec- 
tively. They both concluded that plumes are a 
feature co mmon to coronal holes a t any latitude. 
Recently, IWang fc Muglachl (|2QQ8h performed a 
detailed study of the morphology of low-latitude 
coronal-hole plumes and their close relationship 
with small bipoles in photospheric magnetograms. 
They found that these low-latitude plumes are 
completely analogous to polar plumes. However, 
such low-latitude plumes have received little at- 
tention from the community, partly because they 
are difficult to discern from the prominent emis- 
sion i n the foreground and background struc- 
tures ( Wang fc Muglachl [2008) relative to those 
at higher latitudes. 

Here we report new observational results made 
possible by the Atm ospheric Imaging Assembly 
( Boerner et al.ll2010f ) onboard the Solar Dynamics 
Observatory. The AIA observations clearly show 
that upward propagating disturbances (likely 
outflows) on plume-like structures are not only 
present at the limb above polar coronal holes, but 
also in quiet- Sun regions and equatorial coronal 
holes. We demonstrate that outflows from the 
quiet Sun may largely contribute to the blueshift 
of coronal emission lines in adjacent coronal holes. 
In what follows we explore the implications of 
these new observational results. 

2. Observations and results 

The AIA instrument takes full-disk images of 
the Sun in seven EUV channels and three UV- 
visible channels. The high-resolution data ac- 
quired in some EUV channels, especially the 
171 A passband, has an unprecedented signal 
to noise ratio and thus is excellent for study- 
ing faint coronal emission. Inspection of the 
AIA 171 A data suggests that plume-like struc- 
tures are commonly present in different regions 
of the Sun, e.g., polar coronal holes, low-latitude 
coronal holes, active regions, and quiet- Sun re- 
gions. Plume-like structures at active region 
boundaries, which are usually referred to as 
fan- like structures, have been studied inten- 
sively by using data from TRACE and Hinode 



2006; l£L=__ _ _ _ 

2009a; Marsh et al. 2009; Wang et al. 2009; He et al 



Berghmans fc Clettdfl99i be Moortel et al 



2000 12002b iRobbrecht et al.l 120011: iMarsh et al 
2003[ iKing et al.l 120031 : [kcEwan fc De Moorte: 



)akao et al 



Mcintosh & De Pontieu 




2010at iTian et al.l 12011 al ibi: IStenborg et al.l 1201 ll 
and thus are not discussed here. Here we con- 
centrate on the dynamics of plume-like structures 
clearly visible in coronal holes and quiet-sun re- 
gions. 

2.1. AIA observations of outflows in plume- 
like structures 

Figure □ shows both AIA 171A and 193A im- 
ages of a polar region, including both the polar 
coronal hole and the surrounding lower- latitude 
quiet-Sun region. An online movie consisting of 
images taken from 22:57 to 23:45 UT on 2010 Au- 
gust 5 shows the evolution of the emission in the 
outlined rectangular region. To avoid smoothing 
out the faint plume emission, no de-rotation of 
the AIA images was performed. The movie re- 
veals that plume-like emission structures are not 
only present at the limb above the polar hole, 
but are also clearly visible in the quiet- Sun fore- 
ground region. Continuous outward motions are 
strikingly visible in plumes originating from both 
the quiet Sun and coronal holes. These outward 
propagating disturbances are similar in appear- 
ance, speed, quasi-periodicity, intensity change, 
and multi-the rmal natur e , to t he outflows iden- 
tified by iMcIntosh et al.l (j2010l ) in polar plumes 



spectral line profiles (e.g.. De . 


D ontieu et 


all 20091: 


De Pontieu fc Mclntoshll2010l: 


Tian et al. 


2011a). 



and thus are probably dominated by outflows 
rather than compressional waves (see below). A 
survey of the AIA data suggests that quiet-Sun 
plumes (QS plumes) are not easy to identify due 
to the strong emission from foreground and back- 
ground structure, and that they are easily dis- 
cernible when projected onto the plane of the sky 
above the surrounding low-emission coronal holes. 
Similar to plumes in polar coronal holes (PCH 
plumes), QS plumes are often associated with 
coronal bright points rooted in small magnetic 
bipoles at the photospheric base. We also note 
that both QS and polar plumes consist of obvi- 
ous fine structures, and that these structures show 
non-stop swaying motions indicative of the pres- 
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Fig. 1.— AIA 171A and AIA 193A images of a polar region taken at 22:57 UT on 2010 August 5. Both 
PCH plumes and QS plumes are present. The ellipses mark the approximate locations of three examples of 
QS plumes. The two red dashed lines in each panel mark two virtual slits along which the space-time plots 
in Figure A) &(B) are produced. A movie of the green rectangular region is available online (ml.mpeg). 
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ence of ubiquitous Alfyen w aves ([Tomczvk et al 
20071 iDe Pontieu et al.ll2QQ7h that will be the sub- 
ject of a subsequent paper. 

Another example of QS plumes can be found 
in the outlined region at the upper left of Fig- 
ure [2j The associated online movie shows the evo- 
lution of the 171A emission from 00:01 to 01:08 
UT on 2010 August 30 in this region. Two well- 
defined QS plumes, with the eastern one showing 
much stronger emission, are clearly present at the 
boundary between the low-latitude (equatorial) 
coronal hole (ECH) and the surrounding quiet-Sun 
region. Again, continuous outflows are found in 
these two plumes. The outlined region in the lower 
right part of Figure [2] shows a low-latitude coronal 
hole at the western limb. The extended structures 
beyond the western limb (ECH plumes) show a 
morphology similar to polar plumes. The promi- 
nent outward motions and ubiquitous swaying mo- 
tions associated with these low-latitude plumes 
also reveal no obvious difference from those in po- 
lar plumes. 

The left panel of Figure [3] shows a snapshot 
of a low-latitude coronal hole on the northern 
hemisphere on 2010 August 25, in the 171A pass- 
band. The associated online movie, which consists 
of images taken from 23:01 to 23:59 UT, clearly 
shows the presence of fast outflows along plume- 
like structures. We also present in the right panel 
the corresponding magnetogram obtained by the 
Helioseismic and Magnetic Imager (HMI) onboard 
SDO. Detailed investigations of the relationship 
between temporal evolution of the magnetic field 
and coronal outflows are beyond the scope of this 
paper and will be performed in the future. From 
Figure [3] we can see that low-latitude plumes often 
originate from strong-field network regions. Mix- 
polarity magnetic fields are often found around the 
roots of plumes. Although big plumes seem to 
be rooted in coronal bright points, we also found 
some outflows which are not associated with obvi- 
ous bright points. 

2.2. Speed and period of the outflows 

The speed of these outflows can be estimated 
by placing a virtual slit along the propagation di- 
rection of the flow and calculating the slope of 
a bright strip in t he space-time (S-T) p lot (e.g., 
Sakao et al.l 120071 : iMcIntosh et~ai1 120101 ). To re- 
solve flows associated with different fine structures 



Intensity Change 




Fig. 4. — Space-time plots of the detrended inten- 
sities in three AIA passbands, for a plume origi- 
nating from a polar coronal hole (A), a quiet-Sun 
region (B), and an equatorial coronal hole (C). Lo- 
cations of the virtual slits are shown in Figure [TB421 
The starting time is 23:58 UT on 2010 August 05 
in (A)&(B) and 00:01 UT on 2010 August 29 in 
(C). The inclined dashed line in each panel indi- 
cates a well-identified outflow event and its slope 
represents the projected speed of the outflow. 
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Fig. 2.— AIA 171A image of a region around the west limb taken at 00:01 UT on 2010 August 30. The two 
rectangles enclose two low-latitude coronal- hole regions, respectively. The ellipses mark the approximate 
locations of four examples of low-latitude plumes. The red dashed line marks a virtual slit along which 
the space-time plots in Figure H^C) are produced. A movie associated with this figure is available online 
(m2.mpeg). 
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Fig. 3.— AIA 171A image and HMI magnetogram of a low-latitude coronal hole located on the northwest 
quadrant of the solar disk taken at 23:01 UT on 2010 August 25. Red (positive) and blue (negative) contours 
representing regions of magnetic field strength larger than 15 G are superimposed on the AIA image. ECH 
plumes are clearly visible inside the coronal hole. A movie associated with this figure is available online 
(m3.mpeg). 



within one plume, the slit width should not be 
too large. It can not be too small since the fine 
structures often show non-stop swaying motions so 
that propagating paths of the outflows are often 
not straight. Considering these two effects, the 
slit width was chosen to be 20 pixels (12"). As an 
example, Figure H] presents S-T plots for a PCH 
plume, a QS plume, and an ECH plume. To bet- 
ter reveal the faint outflow signatures here we show 
the detrended intensities, which were obtained by 
first subtracting a 15-minute running average from 
the original intensity time series and then normal- 
ized to the running average at each location of 
the slit. The inclined bright and dark strips in- 
dicating propagating intensity perturbations are 
clearly revealed in the figure. Three examples of 
well-identified outflow events are marked by the 
inclined dashed lines in Figure HJ The projected 
speeds of these three outflows were calculated to 
be 138, 89, and 117 km s _1 respectively. 

We produced S-T plots for all plume out- 
flows clearly visible in our data and selected well- 
identified events which reveal clear strips in all the 



three passbands (171 A, 193 A, 211 A) for statis- 
tical analysis. The speed was calculated from the 
slope of the bright strip for each event. The AIA 
data obtained from 22:57 UT on 2010 August 5 to 
02:43 UT on the next day was used to to produce 
S-T plots of PCH and QS plumes (see Figured]). 
For ECH plumes we used the AIA data obtained 
from 00:00 UT to 03:00 UT on 2010 August 29 
and 00:00 UT to 04:00 UT on the next day (see 
Figure [2]). In total we have identified 89, 61, and 
53 outflow events in the polar coronal hole, quiet 
Sun, and equatorial coronal hole regions, respec- 
tively. We present in Figure [5] the distributions 
of the projected speeds of outflows in different re- 
gions. A Gaussian fit was applied to each speed 
distribution and the Gaussian width is shown in 
each panel. We found that the speed is mainly 
in the range of 70-180 km s _1 and the Gaussian 
withs of the speed distributions are all about 30 
km s _1 in different regions. There is no obvious 
difference of the outflow speed in polar and equa- 
torial coronal holes. Note that the measurements 
for PCH plumes and ECH plumes were made at 
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Fig. 5. — Histograms showing the speed distri- 
butions of outflows in a polar coronal hole (A), 
a quiet-Sun region (B), and an equatorial coro- 
nal hole (C). Dashed lines are Gaussian fits to the 
histograms. The mean value of the speed and the 
Gaussian width of the fit are shown in each panel. 



the limb, while the roots of QS plumes are located 
about 100" away from the limb. Taking this line of 
sight effect into account and assuming that the QS 
plumes are radially aligned on average, the mean 
speed of flows in these QS plumes is estimated to 
be 100.8x(960./860.)^113 km s _1 , which is not 
so different from those in PCH plumes and ECH 
plumes. 

These outflows often occur quasi-periodically 
with a period of 5 to 15 minutes and reveal an 
intensity change of a few percent. The quasi- 
periodicity can be clearly seen in the S-T plots. 
We note that intensity oscillations with similar pe- 
riods between 1.5 and 2.2 solar radii have been 
reported, by using data obtained by the Ultra- 



violet Coronagraph Spectrometer (jMorgan et al 
These oscillations might be signatures of 
recurring high-speed jets similar to what we report 
here. The patterns of S-T plots are often similar 
in the three AIA passbands, indicating a similar 
flow speed and period at different temperatures 
ranging from 7xl0 5 K to 2xl0 6 K. In most cases 
we did not find an obvious increasing trend in the 
speed with increasing temperature, which seems 
to support the interpretation of the propagating 
disturbances as multi-thermal high-speed upflows 
rather than slow mode waves, since the slow wave 
speed is expected to be temperature dependent. 
Such re sults are consistent wi th the polar plume 
study of lMcIntosh et al.l ()2QlQh . However, a recent 
investigation suggests that the contribution of the 
dominant ions (Fe xn in the 193 A passband and 
Fe xiv in the 211 A passband) to the total emission 
is usually l ess than 50% in the 193 A and 211 A 
passbands flO'Dwver et al. suggesting that 

the emission of the propagating disturbances in 
these two passbands might be contaminated sig- 
nificantly by cool ions. Thus, we can not rule out 
the slow wave interpretation. In fact high-speed 
upflows can lead to the formation of shocks and 
trigger slow waves when propagating upward. So 
it is also likely that both slow waves and upflows 
are existing in our observations. However, consid- 
ering the similar speed, quasi-periodicity, and in- 
tensity change between these outward propagating 
disturbances and the quasi-periodic rapid upflows 
inferred from spectral line profiles, we think that 
the propagating disturbances are more likely to 
be, or dominated by, high-speed outflows. Such 
a conclusion is also supported by the predomi- 
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nant blue shift associated with the propagating 
disturbances (see Figure [7]). We note that for 
some plumes both the emission morphologies and 
S-T plots show some differences in different AIA 
passbands, especially between the 171 A passband 
and the other two passbands. The emission in the 
171 A passband is do minated by Fe ix 171.107A 
( O'Dwver et alJliblOh . which is formed in the up- 
per transition region and thus may have a smaller 
scale height compared to the hotter emission in the 
other two passbands. Moreover, due to the differ- 
ent sensitivity, signal to noise ratio, and emission 
contrast in different passbands we may not always 
be able to clearly identify every outflow event in all 
the three passbands from the S-T plots. Note that 
the 211 A passband has the lowest signal to noise 
so that outflow events are sometimes revealed not 
as clearly as in the other two passbands. 

2.3. Impact of quiet-Sun outflows on spec- 
troscopic observations of the adjacent 
coronal holes 

From Figures HB421 and the associated movies we 
can clearly see that quiet-Sun plumes often project 
onto the plane of the sky above coronal holes. This 
finding has direct impact on the interpretation of 
blue-shifted patches present in Dopplergrams of 
coronal emission lines in coronal holes. These 
blue shifts have been widely interpreted as the 
nascent fast solar wind from coronal holes (e.g., 
Hassler et alJll999l: [Peterlll999l: Istxicki et al.ll2QQ(A 



Wilhelm et al.l l2QQ0b Kia et al.l 12003b iTu et al. 
200dlAiouaz et al.ll2QQ5[ iTian et al.ll2Q10ah . How- 
ever, a coordinated observation o f AIA and the 
EUV Imaging Spectrometer (EIS, ICulhane et al 



20071 ) onboard Hinode as shown in Figure [71 and 
the associated movies (m71.mpg for AIA 171A 
and m72.mpg for 193A) reveal clearly that the 
blueshifts of Fe xn 195. 12 A in the low-latitude 
coronal hole are largely contaminated by out- 
flows from the surrounding quiet Sun. In Fig- 
ure [6] we show a full-disk image of AIA 193A, and 
the magnetic field structures obtained by using 
the potential field source surface (PFSS) model 
(ISchriiver fe DeRosalliooS i in and around the tar- 
geted coronal hole. In Figure the black lines 
which are determined by using a threshold of the 
Fe XII 195. 12 A intensity outline the boundary 
of the coronal hole. Through a comparison be- 
tween the AIA movies and the Fe XII 195. 12 A 



intensity images and Dopplergrams we can con- 
clude that the contribution of outflows from the 
quiet Sun dominates the emission of most blue- 
shifted patches in the coronal hole. This is be- 
cause the quiet- Sun plumes projected above the 
coronal hole are denser than the background coro- 
nal hole plasma and significantly contribute to 
the emission detected by the spectrograph. A di- 
rect comparison of the flow speed derived through 
imaging observations with that from spectroscopic 
observations is not possible since the orienta- 
tion of the plumes can not be precisely deter- 
mined without stereoscopic observations. Note 
that the AIA 171 A data has a much better signal 
to noise ratio than the data acquired in the 193A 
passband which samples plasma at a tempera- 
ture much closer to the formation temperature of 
Fe xii 195.12A. 

Figure provides another example of the com- 
plexity of blueshifts in a polar coronal hole. This 
EIS data set was taken on 2007 October 10, when 
the STEREO-B spacecraft was 17 degrees differ- 
ent from the Earth in Heliocentric Inertial (HCI) 
longitude. The EI S data was previously used by 
Tian et all (|2010al ) to study coronal hole outflows. 



In Figure [8{A)&(C) we show an original image 
of EUVI 171 A and the result after rotating it to 
the viewing point from the HINODE spacecraft. 
The green outlined regions show the approximate 
location where the EIS scan was performed. We 
did not do any rotation of the EUVI images when 
making the movie since it would smooth out the 
faint plume emission and outflow signatures, as 
demonstrated by Figure EfC). The signatures of 
outflows in QS plumes are much weaker but still 
visible in the EUVI movie as compared to the 
AIA movies shown above. It is clear that some 
blue-shift patches, especially those close to the 
coronal hole boundary (see the locations marked 
by ellipses), are contaminated by outflows in QS 
plumes. The contamination should be more signif- 
icant with increasing temperature, since the coro- 
nal plasma is hotter in the quiet Sun than in coro- 
nal holes. Assuming that QS plumes and PCH 
plumes have a similar density, and that the back- 
ground coronal hole density is comparable to that 
of the inter-plume regions above the limb, we es- 
timate the contribution from QS plumes to the 
emission of these blue-shift patches to be around 
57% at log(T/K)=6.0 and 72% at log(T/K)=6.2 



8 



Fig. 6.— Left: Full disk image of AIA 193A at 12:07 UT on 2010 August 25. Right: Result of PFSS model 
at 12:06 UT on 2010 August 25. White and purple lines represent closed and open magnetic field lines, 
respectively. The green rectangle in each panel outlines the field of view shown in Figure [71 



if the QS plumes are not superimposed on PCH 
plumes. Thus, caution must be taken when in- 
terpreting the blueshifts of coronal emission lines 
derived from spectroscopic observations, and par- 
ticularly those without sufficient S/N and spectral 
resolution to decompose the various components of 
the emission. 

If the QS plumes are radially aligned, the con- 
tamination should be more significant at higher 
latitudes since the projection effect is more signif- 
icant there. However, offiimb observations reveal 
that the plume orientation can sometimes deviate 
largely from the local radial direction. So the con- 
tamination by QS emission may not be negligible 
even in some low-latitude CHs. Due to the con- 
tamination of QS plasma, not only the study of 
the Doppler shift, but also some other investiga- 
tions such as density and temperature diagnostics 
in coronal holes might need to be reconsidered. 
However, since most of the past imaging observa- 
tions had signal to noise ratios too poor to reveal 
the faint QS plumes, we are not able to quanti- 
tatively evaluate the importance of the contami- 
nation effect in these previous studies. We note 
that the importance of the projection effect has 
also been discussed in the context of polar rays 



( Li et al 



20001) and magn etic loops as well as coro- 
nal jets ([He et al.ll20"T0bT ). 



3. Discussion 

3.1. Implications for coronal heating 

The AIA observations presented here reveal 
almost ubiquitous outward propagating distur- 
bances in the quiet Sun and coronal holes. These 
outward motions are distinctly visible in plume- 
like structures. They are quasi-periodic (with a 
period of 5 to 15 minutes), high-speed (~120±30 
km s _1 ), often multi-thermal (at least in the tem- 
perature range of 7xl0 5 K to 2xl0 6 K), and 
show an intensity modulation of a few percent. 
These observational results are similar to those of 
the propagating disturbances observed along the 



(e.g. 


Berefhmans & Clette 1999: be Moortel et al. 


2000 


, 120021: [Robbrecht et al. 2001; Marsh et al. 


2003 


: Kine: et al.l 


2003 


: iMcEwan & De Moortel 


2006 


: Sakao et al. 


2007 


: Mcintosh & De Pontieu 



2011al fbl: IStenborg et al.H2Qllh . With the unprece- 



dented high-quality AIA observations, we can now 
conclude that high-speed quasi-periodic propagat- 
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Fig. 7.— (A)-(B) AIA 171A and 193A images of a low-latitude coronal hole taken at 10:14 UT on 2010 August 
25. (C)-(D) Intensity map and Dopplergram of EIS Fe XII 195. 12A obtained through a single Gaussian fit. 
The EIS scan was performed from 10:14 to 14:56 UT. The black lines represent the coronal hole boundary. 
Examples of QS plume outflows contaminating the blueshift patches on Dopplergrams are marked by ellipses 
in (A) and (B). Movies associated with (A) and (B) are available online (m71.mpeg, m72.mpeg). 
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Fig. 8.— (A) EUVI/SECCHI 171A image of a polar coronal hole and the surrounding quiet-Sun region 
taken by STEREO-B at 14:14 UT on 2007 October 10. (C) The EUVI/SECCHI 171A image rotated to 
the viewpoint of HINODE. The regions outlined in green mark the approximate location where the EIS 
observation was made. (B)&(D) Dopplergram and intensity map of the EIS Fe XII 195. 12 A line obtained 
through a single Gaussian fit. The EIS scan was performed from 14:13 to 18:17 UT. Examples of QS plume 
outflows contaminating the blueshift patches on Dopplergrams are marked by ellipses in (A) and (C). A 
movie associated with (A) is available online (m8.mpeg). 
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ing disturbances are not restricted to polar plumes 
and AR fans, but clearly present almost every- 
where in the corona. The fact that they are more 
easily observed in certain regions is probably re- 
lated to the simple magnetic structures and weak 
background/foreground emission there (e.g., polar 
plumes, AR edges). 

Through analyses of the asymmetries of EUV 



spect ral line profiles, foe Pontieu et al. (j2QQ9h 



and iMcIntosh fc De Pontieu] (|2QQ9bh identified 
ubiquitous faint upflows (exhibit as weak blue- 
ward excess emission) with a lifetime of 50- 
150 seconds and a speed of 50-150 km s _1 
in magnetized regions of the quiet Sun, coro- 
nal holes, and active regions. These faint up- 
flows are believed to be associated with type- 
II spicules or rapid blue -shifted events observed 
in the chromosphere (iDe Pontieu et al. I 120091 : 
Rouppe van der Voort et al. 20091 ). They are sug- 



liable analysis of the asymmetries of line profiles, 
making it difficult to establish a direct connection 
of the weak blueward excess emission and outward 
motions (plume outflows) in these regions. How- 
ever, based on the similarities mentioned above, 
we conjecture that the QS and CH outflows we re- 
port here might be an important means to provide 
heated mass into the corona and solar wind. 

3.2. Difference between plumes and inter- 
plume regions? 

Observations seem to suggest that polar plumes 
only occupy a s mall portion of pol ar regions (e.g., 
Wilhelml ibood ICurdt et al.l l2QQ8h and often re- 



veal a smaller spectral line width and lower flow 
speed compared to the inter-plume regions, lead- 
ing to the conclusion that plumes are not the 



gested to provide hot plasmas into the corona and 

may thus play an important role in coronal heating 

proces s ( De Pontieu et all2009t Mcintosh fc De Pontieu! 



2009bl: |Peterll2Qld : be Pontieu fc McIntoshll2010t 
Hansteen et al.ll20ld IDe Pontieu et al.ll201ll ). 

The period, speed, multi-thermal nature, and 
intensity fluctuation of the coronal disturbances 
reported here are all similar to those of the quasi- 
periodic upflows inferred from bl ue- wing asymme- 



Wang 1994; Wilhelm et al. 


1998 


: Giordano et al. 


2000 


; 


Patsourakos & Viall 


2000 


: Baneriee et al. 


2000 


Wilhelm et al.l 2000: iTeriaca et al. 20031: 


Raoua 


fi et al. 2007: Feng et al. 2009]). However, 



other studies suggest that the flow speed in plumes 
can be higher than those of the inter-plume regions 
and that plumes are a substant ial contributor of 



tries of EUV spectral line profiles ( De Pont ieu et al 




mass to the fast solar wind ( Casalbuon i et al 



19991 iGabriel et all 120031 [2005: Mci ntosh et al 



2009: lMcIntosh fc De Pont ieu 2009a.b; Mci ntosh et al.l iDel Zanna et al.l (|2 
De Pontieu fc Mclntosbl l2QldT ffian et al.l 

Martmez-Svkora et al.ll201ll : IUgarte-Urra et al.l 
indicating that they are likely to be the 
same phenomenon and that the coronal dis- 
turbances are probably dominat ed by upflows 
rather than slow- mode waves (Mcintosh et al 



20101 ). Further, in studying the compositional dif- 
ference between plume and inter-plume regions 
found no obvious FIP ef- 



20101: |De Pontieu fc Mcintosh! l2Q10L I Tian et al 



2011aE V The flow interpretation of the coro- 



nal disturbances is also supported by the same 
speed in different AIA passbands and the asso- 
ciation of the disturbances with the blue shift of 
EIS emission lines, as mentioned above. In edges 
of ARs, observations show clearly that the out- 
ward motions along fan-like structures are respon- 
sible for the blue- wing asymmetries of coronal line 
profiles and that they may provide heated mass 



into the corona (Mcintosh fc De Pontieu! 



iTian et al.l [201 la b: De Ponti eu et aHl2Qll 



20094 



). Un- 



fortunately, the EIS spectra in the quiet Sun and 
coronal holes are usually too weak to allow a re- 



fect (enrichment of low first-ionization potential 
elements) in plumes, also questioning the argu- 
ment that plumes are not the primary source of 
material of the fast solar wind. 

Closer inspections of our on-line movies reveal 
that outflows of similar speeds are also present 
in inter-plume regions. The inter-plume outflows 
are usually not obviously associated with coronal 
bright points. The discoveries of plume-like struc- 
tures in the quiet Sun and equatorial coronal holes, 
and the continuous high-speed outflows from both 
plume and inter-plume regions may challenge the 
current knowledge of plumes and solar wind ori- 
gin. As mentioned above, previous debate con- 
centrated on whether the solar wind outflow orig- 
inates from plumes or inter-plume regions in po- 
lar coronal holes. Our findings reveal that both 
of them are tunnels of high-speed outflows, part 
of which may efficiently feed the solar wind. It 
appears that plumes in both coronal holes and 
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quiet-Sun regions are nothing more than locally 
denser regions of plasma - this enhanced density 
ensures that the outflows are more easily visible. 
We stress that the smaller line widths (if regarded 
as a proxy of wave amplitude) in plumes compared 
to inter-plume regions might just be an effect of 
density, given that the input Alfven wa ve flux is 
similar everywhere (jDoschek et al.l 120011 ). In fact, 
our movies reveal that the boundaries between 
plumes and inter-plumes are not always clearly de- 
fined, and that the swaying motions of plumes can 
change the boundaries substantially, which may 
lead to an impression of mass transfer from plumes 
to inter-plume regions (jGabriel et al 1 l2005h . 



5.3. Solar wind origin from the quiet Sun? 

The high-speed outflows in our AIA observa- 
tions usually reach rather high (often clearly visi- 
ble to heights ~100 Mm above their sources) and 
thus they may be channeled along large coronal 
loops or open field lines. There is little doubt 
that the plume flows are guided by open field 
lines in both polar and equatorial coronal holes. 
Some of these coronal hole outflows may over- 
come the gravity, thus being an important source 
of mass supply to the solar wind. It seems that 
the QS plumes we discovered are likely to be 
the lower parts of large coronal loops, since the 
quiet Sun is characterized by closed fields ac- 
cording to the traditional view of solar magnetic 
field structur es . However , based on coronagraph 
observations, lHabbal et al.l (|200lf ) suggested that 
the coronal magnetic field is predominantly ra- 
dial, and that the solar magnetic field consists 
of two components: a dipole-like field associated 
with large-scale structures and a radial field as- 
sociated with the pervasive open field lines origi- 
nating from both the quiet Sun and coronal holes. 
Coronagraph observations reveal that the latitudi- 
nal density profiles at different heights are similar, 
indicating that polar coronal hole s extend radi- 
ally into interpla n etary space (e.g.. Woo fc Habball 



ll997tlWooll2QQ7h . iLuo et al.l (|2008[ ) also concluded 
that high-latitude coronal holes have little influ- 
ence on fast wind streams at 1 AU. The quiet Sun 
as a possible source of the solar wind has been 
proposed based on investigations o f the latitude 
dependence of solar wind velocity (lHabbal et al.l 
119971 : lHabbal fc Wooll200li IWoo fc Habball l2000l ) 
and correlation analysis of EUV observations with 



magnetic fields ([He et al.l 120071 : iTian et al.l 120081 
2010bh . 

The right panel of Figure [6] shows the coro- 
nal magnetic field structures calculated from the 
PFSS model in and around a coronal hole. A com- 
parison of this magnetic field configuration with 
the QS outflow trajectories revealed in the associ- 
ated movies (m71.mpg, m72.mpg) seems to sug- 
gest no good agreement between the loop legs 
and flow paths: the flow paths are apparently 
much more inclined towards the pole compared 
to the loop legs in the lower part of the se- 
lected region. This inconsistency may suggest 
that the traditional dipole-like PFSS is not valid 
to explain the QS outflow trajectories or that 
there might be a second component of the so- 
lar magnetic field besides the traditional dipole- 
like field. If the latter is the case an d the sec- 
ond component is open (Hab bal et al. I l200ll ). our 
observation of plume outflows with similar prop- 
erties in both the quiet Sun and coronal holes 
is probably providing support to the scenario of 
solar wind origin from both regions. The possi- 
ble presence of open flux in closed-field regions 
is also implied by the interchange reconnection 
model, which predicts that open flu x can dif- 



fuse deep inside closed- field regio ns (Fis k et al 



19981 : lFiskll200i iFisk fc Zhaoll2009l ). However, re- 
cent theoretical investigations indicate that it is 
hard to bring open fields into clo sed-field regions 
without having them close down jA ntiochos et al 



20071 l201lL [Titov et alJliulli iLinker et al.ll201lf ). 

Thus, we can not exclude the possibility of some 
QS plumes being the legs of large coronal loops. 
We realize that more detailed work, especially 
stereo scopic observation s and 3-D reconstructions 
(e.g., iFeng et al l 120071 : lAschwanden et al.l l2QQ8t 



Feng et al.l 2009f h are needed to study the mag- 
netic field structures associated with QS plumes 
and whether these outflows can be traced outward 
to the interplanetary space. 

3.4. Magnetic reconnection at coronal 
hole boundaries? 

We foun d a pa per submitted to arXiv.org by 
Yang et al. (|201ll ) who reported repetitive EUV 
jets occurred at coronal hole boundaries by us- 
ing AIA 193 A data when our paper was under re- 
view. These authors focused on a coronal hole 
boundary at middle latitudes and found some 
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jets associated with the emergence and cancela- 
tion of magnetic fields. They claimed that these 
jets are signatures of magnetic reconnect ion and 
that they mai ntain the rigid rotation of coro- 
nal h oles (e.g., iFisk et ah! 1 19991 : IWang & Sheelev 
1994 ). We think that these jets are similar to 



the high-speed outflows associated with the fine 
strands in plume-like structures in our observa- 
tions. We should also point out that these jets 
are not only restricted to coronal hole boundaries, 
but also exist inside coronal holes, quiet- Sun re- 
gions, and active regions. The outflow speeds we 
report here are of the same order co mpared to the 



speeds of EUV and X-ray j e ts (e.g. , Shibata et al. 



19921: IShimoio et al l 119961: ISavcheva et al.l 120071 : 
Cirtain et al.l 120071 : iKamio et al.l lioloh . Since it 



is generally accepted that magnetic reconnection 
might be the trig gering mechanism of EUV and 
X-ray jets fe.g.. phibata et alJ|l994l: ICirtain et al 



2007 



Subramanian et al. 2010: Edmondson et al 



2010a|), we propose that the high-speed outflows 
we report here might also be related to magnetic 
reconnect ions. Such a conjecture is also supported 
by our observational result that plume-like struc- 
tures are often rooted around mixed-polarity field 
regions (such as Figure [3]). Numerical simulations 
have shown that photospheric motions can easily 
induce rapid current sheet formation and efficient 
reconnectio n between small-scale bip oles and open 
fields (e.g.. lEdmondson et al.l l2010at ). These in- 
terchange reconnections are likely to be the pro- 
duction mechanisms of the outflows in open-field- 
dominant regions (such as Figure [7j). More de- 
tailed analysis of the outflows (or jets) and the 
underlying magnetic field evolution should be per- 
formed in the future. 

4. Conclusion 

In conclusion, we have found repetitive outflows 
(jets) at temperatures of million degrees from both 
the quiet Sun and coronal holes. The outflows 
are clearly visible in plume-like structures, with 
an average speed around 120 km s _1 , a quasi- 
period of 5-15 minutes, and an intensity modu- 
lation of a few percent. Outflows are also visible 
in the weak-emission inter-plume regions through- 
out the atmosphere. We have demonstrated that 
the blueshifts of coronal emission lines observed in 
coronal holes are not necessarily the signatures of 
fast solar wind origins from coronal holes, but can 



be significantly contaminated by outflows from the 
surrounding quiet- Sun regions. 
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